Semantic memory recruits an extensive neural network including the left inferior prefrontal cortex (IPC) and the left temporoparietal region, which are involved in semantic control processes, as well as the anterior temporal lobe region (ATL) which is considered to be involved in processing semantic information at a central level. However, little is known about the underlying neuronal integrity of the semantic network in normal aging. Young and older healthy adults carried out a semantic judgment task while their cortical activity was recorded using magnetoencephalography (MEG). Despite equivalent behavioral performance, young adults activated the left IPC to a greater extent than older adults, while the latter group recruited the temporoparietal region bilaterally and the left ATL to a greater extent than younger adults. Results indicate that significant neuronal changes occur in normal aging, mainly in regions underlying semantic control processes, despite an apparent stability in performance at the behavioral level.
Introduction
Several cognitive abilities decline over the course of normal aging, including episodic memory, working memory, and executive functions (Park, et al., 2002) . Declining abilities in episodic memory and working memory in older adults have been associated with bilateral recruitment of inferior prefrontal cortex in older adults, while young adults tended to activate the same region but only in one hemisphere, a phenomenon described as hemispheric asymmetry reduction in older adults (HAROLD) (Cabeza, 2002; Rajah & D'Esposito, 2005) . Semantic memory, in contrast, which represents general knowledge about the world, remains relatively stable or even improves in normal aging (Burke & Mackay, 1997; Luo & Craik, 2008; Park, et al., 2002; Verhaeghen, 2003) . Despite this behavioral evidence indicating preserved semantic abilities in healthy aging, little is known about the integrity of the neural network underlying semantic processing in healthy aging. More specifically, it is not clearly understood whether older individuals show similar or distinct patterns of brain activation relative to younger adults while they perform a semantic task.
Semantic processing recruits a widespread network of brain regions, which is mainly left-lateralized for verbal material (Binder, Desai, Graves, & Conant, 2009; Binney, Embleton, Jefferies, Parker, & Ralph, 2010) . Typically, this semantic network includes key regions such as the anterior temporal lobe (ATL) region, which is considered to represent a candidate site for the storage of conceptual representations, and for processing concepts at an amodal and abstract level (Jefferies & Lambon Ralph, 2006; Patterson, Nestor, & Rogers, 2007) . The left inferior prefrontal cortex (IPC) and left temporoparietal region, in contrast, appear to be involved in strategic search and control 4 processes required for semantic processing (Binder, et al., 2009; Jefferies, 2013; Jefferies & Lambon Ralph, 2006; Whitney, Kirk, O'Sullivan, Lambon Ralph, & Jefferies, 2011) .
Semantic control processes modulate relevant information to provide a task-appropriate response regardless of task modalities (Jefferies & Lambon Ralph, 2006) . However, these regions of the semantic network are recruited differently depending of the type of stimuli that are processed. For instance, differences of activation in ATL and IPC have been reported between concrete and abstract words in neuroimaging studies, using functional magnetic resonance imaging or positron emission topography (Hoffman, Binney, & Lambon Ralph, 2014; Sabsevitz, Medler, Seidenberg, & Binder, 2005; Wang, Conder, Blitzer, & Shinkareva, 2010) . Studies on clinical patients, with lesions in regions of the semantic network also showed differences in performance during semantic processing of abstract and concrete words (Loiselle, et al., 2012) . The use of concrete and abstract words is thus of interest to explore age-related changes in semantic processing.
In healthy aging, even though the store of knowledge remains intact, rapid access to conceptual knowledge and the executive components related to the manipulation and retrieval of this knowledge may become less efficient. For instance, diminished semantic control processes may impact language production in tasks requiring lexical semantic retrieval (Wierenga, et al., 2008) , such as evidenced by the commonly-encountered tipof-the-tongue (TOT) phenomenon in older individuals. During picture naming tasks, it has been shown that in order to compensate for effortful retrieval and to maintain a high level of performance, older adults recruit inferior prefrontal regions to a greater extent than younger adults (Galdo-Alvarez, Lindin, & Diaz, 2009; Nielson, et al., 2006; Wierenga, et al., 2008) . This indicates that neural changes underlying semantic control 5 processes in tasks exerting demands upon these processes may be taking place despite intact behavioral performance in older adults. It remains important to determine, however, if similar age-related brain changes can be observed during receptive language tasks tapping comprehension such as semantic judgment tasks, which do not exert as much demands on effortful semantic retrieval processes required in naming and other language production tasks.
The aim of this study was thus to compare the patterns of cortical activity, using MEG, in younger and older adults while they performed a semantic judgment task in which they had to determine whether a list of single words were concrete or abstract. Our hypothesis was that differences in cortical activation would be observed between young and older adults in brain regions associated with semantic control processes, including the IPC and the temporoparietal region, but not in the ATL, which has a role in processing conceptual representations at a central level, even though we expected behavioral performance to be similar across age groups.
Material and Methods

Subjects
Eleven healthy older adults aged between 60 and 85 years old and thirteen healthy young adults aged between 18 and 30 years of age participated in this study. The groups did not differ significantly in terms of number of years of education (t (14.787) = 1.194, p = 0.251). Demographic data are presented in Table 1.   INSERT TABLE 1 HERE All participants were volunteers, right-handed, French native speakers, and were recruited from the local community. Exclusion criteria included neurological or 6 psychiatric conditions, a history of alcohol or drug abuse, or a general anesthesia in the past 6 months. In order to exclude the presence of cognitive impairment in healthy older adults, older participants completed cognitive screening to ensure they had a normal level of cognitive functioning. The mean score at the MMSE (Mini Mental State Examination, Folstein, Folstein, & McHugh, 1975) was 29.7 (s.d.=0.7) . In addition, older participants carried out the RL/RI16 test, a test of verbal learning (RL/RI16, Van der Linden, et al., 2004) . A participant was excluded if his/her performance at this test was less than 1.5 standard deviation below that of an age-and-education-matched normative group. All participants gave signed informed consent to participate in the study, which had been vetted by the appropriate institutional research ethics committee. Before carrying out the MEG study, participants were screened for MEG artefacts, which included for instance dental work, metal implants or abnormal magnetization of the brain resulting from a previous MRI. In addition to the participants described above, three younger participants and five older participants also participated in this study but were excluded from the study because of large movements of the head during the recording that compromised the accuracy of source localizations or because of excessive loss of trials due to eye blinks during MEG acquisition.
Materials and Procedure
MEG semantic judgment task
The semantic judgment task consisted of deciding whether each of 460 French Words were presented one by one on a computer screen, and each participant had to judge if the word presented was concrete or abstract. A short description of what was meant by abstract and concrete words was provided, as well as a 32-word practice block, before the beginning of the experimental task. Each trial began with a white circle, indicating to the participant that he/she could blink eyes. Once the participant was ready, he/she was instructed to push simultaneously the button under each thumb. This procedure was established to avoid false starts. Once the trial was launched, a white 8 fixation cross appeared for 600 ms ± 100 ms, in the center of the screen. The word then appeared for 500 ms, before returning to the white cross. The subject then had to decide whether the word referred to a concrete or an abstract concept. He/she responded by pushing the button under the index of the left or right hand, and the side of response for concrete and abstract words was counterbalanced across subjects. The fixation cross stayed on the screen until the participant responded. The participant had 2500 ms to answer. Once a response was recorded, a colored circle appeared and provided feedback to the subject. A green circle indicated a correct answer, whereas a red circle appeared when an incorrect response or no response was recorded. Providing feedback generally helps subjects to ensure they have not forgotten the particularities of the task and that they have their fingers on the correct response buttons (when the task involves manual responses). Providing feedback on accuracy also ensures proper calibration in terms of the speed-accuracy trade-off function, in that responding too quickly will lead to errors that are signaled to the subject. When the 2500 ms-delay was over, the white circle appeared, indicating to the subject that he/she could once again blink eyes. Once the participant was ready, he/she simultaneously pushed the button under each thumb and the next trial began. Experimental trials were divided into 10 blocks of 46 words each (half abstract, half concrete). Order of presentation was pseudorandomized.
Stimuli were presented using E-Prime software and were projected on a rearprojection screen, placed about 69 cm from the participant's eyes. Words were presented in Times New Roman font. Stimuli subtended a horizontal visual angle of about 4.2° (width) and a vertical visual angle of about 0.6° (height) at the center of the field of view.
Functional neural activity of the participants carrying out the semantic judgment task was recorded continuously using a whole-head CTF-VSM 275 sensors MEG system. MEG is a technique with excellent temporal resolution and good spatial resolution and, in contrast with fMRI, provides a better signal of neural activity in the anterior temporal lobe region, a key region of the semantic network (Noppeney & Price, 2004; Patterson, et al., 2007; Visser, Jefferies, & Lambon Ralph, 2010) . It offers a direct measure of cortical activity, as opposed to fMRI, which provides an indirect measure of cerebral activation inferred from the hemodynamic (blood oxygen level dependent, BOLD) response (Marinkovic, 2004) . MEG also offers the possibility to explore a precise cognitive process by focusing on a specific temporal window, in contrast with the brain activity recorded by fMRI which represents a summation of several successive activations related to different cognitive processes (Vartiainen, Liljestrom, Koskinen, Renvall, & Salmelin, 2011 ).
For six participants in the older group, plastic lenses were installed in front of their eyes to ensure optimal visual acuity of the stimuli during the experimental task and to avoid magnetic perturbations (from personal glasses with metal parts). Bipolar electroocculogram (EOG) (electrodes placed at the left and right canthi for horizontal EOG and above and below the left eye for vertical EOG) as well as unipolar electroencephalogram ECG were also recorded. Head shape and fiducial points (nasion, left and right pre-auricular points) were digitized using a Polhemus Fastrak (Polhemus Inc., Colchester, VT, USA). Pictures of the positions of the coils for each subject were also taken to allow the co-registration process. A cervical collar was used to limit head movement and help subjects relax in the apparatus without neck pain. The sampling rate was 1200 Hz. Two optical response boxes, one in each hand, were used to record participants' responses during the semantic judgment task.
Structural MR Image acquisition
Following MEG recording, each subject underwent a high-resolution anatomical MRI scan obtained with a 3T Siemens Trio MRI (Siemens, Erlangen, Germany) at the Unité de neuroimagerie fonctionnelle (UNF, Montréal, Canada) (http://www.unfmontreal.ca/siteweb/Home_en.html). These images were acquired using an optimized MPRAGE protocol (TR = 2.3 s, TE = 2.94 ms, TI = 900 ms, flip angle = 9º, FOV = 256×240, voxel 1mm×1mm×1.2mm) using an 8-channel coil. Images were acquired in the horizontal plane.
Data Analysis
Behavioral Data
Correct responses were averaged for each participant, for each of the four categories of words. The absence of response was recorded as an incorrect response. A repeated-measure ANOVA (group x type of words) was carried out. For global reaction times, an independent-group t-test was carried out.
MEG Data
Third-order gradient noise reduction and low-pass-filter at 40 Hz were used on data (computed with CTF-VSM software). Blinks and eye movements were identified by visual inspection of the horizontal EOG and vertical EOG signals, and trials containing them were excluded from the analyses. Trials with an incorrect response or excessive head movement (exceeding 10 mm from baseline recording) or other external magnetic 11 artefact were also removed. Approximately 23% of the trials had been removed due to blinks and eye movements, head movement or external artefacts in both groups. The MEG recording was segmented from -200 ms to + 1000 ms relative to stimulus onset with the 200 ms pre-stimulus period used as a baseline period. Event-related magnetic field maps were computed by averaging signals recorded from artefact-free correct trials.
We thus obtained four event-related magnetic field maps (one for each of the four categories of stimuli, i.e. abstract/low imageability; abstract/high imageability; concrete/low imageability; concrete/high imageability) for each participant. A visual inspection of the averaged event-related magnetic field temporal curves allowed the selection of a temporal window specific from 330 ms to 430 ms for younger adults, and from 410 to 510 ms for older adults to isolate a component, the N400, associated with semantic processing of meaningful semantic stimuli (Federmeier & Kutas, 2005; Marinkovic, 2004) . These curves are shown in figure 1. Previous studies in ERP have
shown that the peak latency of this component is generally delayed in normal aging (Federmeier & Kutas, 2005; Giaquinto, Ranghi, & Butler, 2007) .
INSERT FIGURE 1 HERE
The event-related fields were used to perform source localization, with the maximum entropy on the mean method (MEM : Amblard, Lapalme, & Lina, 2004; Grova, et al., 2006) . This method is a cortically-constrained distributed source-localization approach.
The cortical surface (we used the white/gray matter boundary in a 3D surface) was segmented from each anatomical MRI scan using BrainVisa software Approximately 4000 sources, orthogonal to the local surface, were distributed over the cortex of each hemisphere of each participant, and these sources were used in distributed source localization analyses, for each participant.
Cortically-constrained source images were computed for each time sample, in each condition. These images were averaged over time, during the selected time window (around the N400), to estimate source activity for each of the four conditions (abstract/low imageability; abstract/high imageability; concrete/low imageability; concrete/high imageability) and each participant. Each cortical-surface average localization map was interpolated in the volume MRI image for each participant and the resulting image was smoothed using a Gaussian filter with an 8-mm FWHM (full width at half maximum). All the images were finally normalized using SPM2 to a common template in MNI-Talairach space (ICBM 152, Montreal Neurological Institute).
We performed analyses using a General Linear Model (AFNI ; Cox, 1996) analysis of the normalized source-localization maps. For statistical analysis on group, we used random field theory (RFT; Worsley, et al., 2002) to determine our statistical thresholds corrected for multiple comparisons. According to RFT, a cluster of voxels with a volume of at least 68 mm 3 and a t = 3.87 was significant at p < .001, corrected for multiple 13 comparisons. In order to investigate if there was an interaction between age x concreteness, three regions of interest were specifically selected: the left IPC, the temporoparietal region and the left ATL, all key regions of the semantic network.
Abstract words (abstract/high imageability and abstract/low imageability) were combined together, as well as concrete words (concrete/low imageability and concrete/high imageability). A statistical threshold of p < .01 non-corrected was used.
Results
Semantic judgment task
Semantic performance, such as determined by mean accuracy, was strictly equivalent for younger and older adults for all types of words. However, reaction times were longer for older than for younger adults (t (22)= 3.22, p < .05). Results are shown in Table 2 .
INSERT TABLE 2 HERE
No principal effect on group was found (p = .948). A principal effect of the type of words was observed (F (2,059) = 13.523, p < .001). Concrete/high imageability words were processed more accurately than the other three types of words (concrete/low imageability; abstract/high imageability and abstract/low imageability). No interactive effect of age x concreteness was found (p = .856). In sum, older and younger adults' performance was strictly equivalent, in term of accuracy, on the semantic judgment task.
MEG results
Direct contrasts between the two groups were carried out. Differences in terms of cortical activation between the groups of young and older adults related to the semantic decision task were found in several regions of the semantic network, even though both groups showed identical performance at the task, such as expressed by the accuracy rates 14 of both groups. Localization images emphasizing differences across younger and older adults are illustrated in Figure 2 , while specific regions are listed in Table 3 . The
Talairach coordinates and Brodmann areas were provided by AFNI software (Cox, 1996) , and have been validated with the Talairach Client software (Lancaster, et al., 2000) .
INSERT TABLE 3 HERE
The temporoparietal region was found to be more activated in older adults relative to young adults. Indeed, the largest cluster of voxels with group difference was found in the right posterior middle temporal gyrus, extending into the inferior parietal lobule and the angular gyrus. An independent cluster in the left posterior middle temporal gyrus was also found to be more activated in the group of older adults. In addition, a locus in the left middle temporal lobe, located in the anterior temporal lobe (ATL), was found to be more activated in the group of older adults. In contrast, a significant locus of activation was found to be more activated in the left IPC, including Brodmann area 47, for younger than older adults. In addition, group differences in activation were also observed in additional brain regions including the fusiform gyrus and the occipital lobes, which were more activated by older adults mostly in the right hemisphere, while the right cingulate gyrus was more activated by younger adults.
INSERT FIGURE 2 HERE
In terms of abstract vs. concrete words, no statistically significant differences in source localization between the different types of words were found. However, an interaction effect age x concreteness was found in the left inferior prefrontal region. As shown in figure 3 , a small locus in the left IPC (BA47) was found to be more activated in older adults for abstract words than for concrete words, whereas the younger adults had 15 similar activations in this region for both categories of words. Note that the locus of difference of activation between abstract and concrete words is anterior to the one found in the group comparison. No difference of activation was found in either the temporoparietal region or the left ALT.
INSERT FIGURE 3 HERE
Overall, younger adults recruited the IPC to a greater extent than older adults while they performed a semantic judgment task, whereas older adults recruited the bilateral temporoparietal region and the left ATL significantly more than younger adults. However, older adults recruited a specific sub-region of the IPC to a greater extent when abstract words were examined specifically. Finally, the pattern of cortical activation associated with semantic processing in the group of healthy older adults was found to be overall more widespread than in the younger group, recruiting for instance posterior regions of the right-hemisphere to a greater extent.
Discussion
The main goal of this study was to investigate the neural bases of semantic processing in healthy aging. In terms of cognitive performance, younger and older adults performed equally well on the single-word semantic judgment task, as indicated by the accuracy score. Our results are in line with previous findings showing that verbal knowledge, which represents an intrinsic aspect of semantic memory, remains intact in normal aging, in contrast to other memory systems such as episodic and working memory, which decline with age (Park, et al., 2002; Verhaeghen, 2003) . However, even though percentage of correct responses was equivalent for both groups, the pattern of brain activity that emerged from the semantic task differed between younger and older participants. Consistent with our hypothesis, significant age-related changes were found within several key regions of the semantic network: the left IPC, the temporoparietal region bilaterally and, more surprisingly, the left ATL (Binder, et al., 2009; Jefferies, 2013; Jefferies & Lambon Ralph, 2006; Patterson, et al., 2007; Whitney, et al., 2011) .
The left IPC was more activated in younger participants, while the temporoparietal cortices and the left ATL were more activated in older participants during semantic processing. It is noteworthy to mention that the peak of the locus of difference of activation in the left posterior middle temporal gyrus found in our study is posterior to the one reported in previous semantic studies in young adults (Noonan, Jefferies, Visser, & Lambon Ralph, 2013) . In addition, patterns of cortical activation in older subjects were more widely distributed across both hemispheres than in younger subjects. Therefore, these results indicate that while semantic processing remains intact during the course of aging, its neurofunctional organization undergoes specific changes.
According to current models of semantic memory (Patterson et al., 2007; Jefferies, 2013) , the ATL region represents the primary site of conceptual knowledge, where concepts are assumed to be processed at an abstract and amodal level. The left IPC and the temporoparietal region, in turn, are thought to be involved in the executive aspects of semantic processing, such as the selection, retrieval, and manipulation of semantic information (Jefferies, 2013; Jefferies & Lambon Ralph, 2006; Whitney, et al., 2011) . This posterior region includes the posterior middle/superior temporal gyrus as well as the inferior parietal lobe (Jefferies, 2013) . Although both the IPC and the temporoparietal cortex play a role in selection of context-appropriate and task-oriented semantic knowledge (including the inhibition of inappropriate semantic candidates or distracters), it is not clear at this time whether these two regions play distinct roles within the semantic control system or whether they act synergistically as part of a connected network of regions (Jefferies, 2013) . It has been recently proposed that the IPC may be involved in semantic control processing regardless of the receptive/expressive aspects of the task while the posterior temporal middle temporal gyrus may be engaged only when comprehensive task are performed (Noonan et al., 2013 ). In the current study, age-related changes were found in both of these cortical areas. More specifically, the left IPC was less activated in older than in younger adults, while the reverse pattern was found in the temporoparietal cortex during a receptive semantic task.
The finding in this study of reduced prefrontal activation in older adults differs from some previous studies which have reported increased activation in this region during a naming task (Galdo-Alvarez, et al., 2009; Nielson, et al., 2006; Wierenga, et al., 2008) . According to these authors, increased frontal activation in older adults reflected greater demands on the semantic control system required to maintain a high-level of performance during picture naming, which requires effortful lexical retrieval processes.
Because this cognitive process becomes less efficient in normal aging, seniors have to activate the IPC to a greater extent in order to maintain a performance equivalent to that of younger adults. This kind of hyperactivation in a production task that requires controlled-searching strategies seems coherent with the compensation-related utilization of neural circuits hypothesis (CRUNCH) (Reuter-Lorenz & Cappell, 2008) . According to this model, inefficient processing leads older adults to recruit a cerebral region to a greater extent to maintain a high level of performance. If the task becomes too difficult, a pattern of hypoactivation is then observed, along with a drop in behavioral performance.
Thus, this compensation model is of interest to explain the age-related changes observed when an expressive language task is engaged.
However, receptive language tasks tapping comprehension such as semantic judgment tasks do not exert as much demands on effortful semantic retrieval processes required in naming and other language production tasks. Since picture naming (language production) is inherently different from semantic judgment (language comprehension), such differences in the nature of the tasks may account for the dissimilar patterns of prefrontal activation reported in the current study. Indeed, studies investigating the neural bases of semantic processing in normal aging using receptive tasks have reported mainly a pattern of prefrontal hypoactivation in healthy older adults relative to younger adults (Berlingeri, et al., 2010; Grossman, et al., 2002; Peelle, Troiani, Wingfield, & Grossman, 2010; Tyler, et al., 2010) , in contrast with a prefrontal hyperactivation in production tasks. These studies, however, focused mainly on syntactic processing of sentence comprehension, which recruits a number of high-order cognitive processes, including complex syntactic comprehension and working memory, which are also known to decline with age (Burke & Shafto, 2008; Wingfield & Grossman, 2006) .
Nonetheless, two studies which have used single-word semantic judgment tasks reported similar results. In a functional MRI study (fMRI), Stebbins et al. (2002) found less activation in left prefrontal cortex in older adults relative to younger adults while they carried out a single-word semantic judgment task. Using magnetoencephalography (MEG), Kemmotsu et al. (2012) compared young to middle-aged adults (mean age of 50 years-old) during single-word semantic judgment task, and reported that middle-aged adults recruited the inferior prefrontal region to a lesser extent than young adults. Thus, even when the impact of working memory load and syntactic demands was reduced by presenting single-words, patterns of prefrontal hypoactivation were still observed in older adults during semantic judgment, even though behavioral performance was equivalent across groups. This pattern of prefrontal hypoactivation differed from the one observed in studies investigating age-related changes in language production, which revealed mainly a pattern of prefrontal hyperactivation.
In the context of a semantic comprehension task where the behavioral performance of elderly participants is preserved, the classic CRUNCH pattern is not observed in the IPC. According to this model, hypoactivation of IPC would be associated with a decrease in the behavioral performance, which was not the case in our study, where a hypoactivation of the IPC was found in elderly despite preserved behavioral performance. Thus, it is possible that optimal performance on effortful naming tasks in older adults may be associated with hyperactivation of the prefrontal cortex, whereas optimal performance on semantic comprehension tasks may be associated with a pattern of hypoactivation within this region. Moreover, Davis et al. (2008) and Huang et al. (2012) postulated that compensatory neural mechanisms in older adults occur not only in prefrontal regions but also in posterior regions, such as the temporoparietal region, which is less affected by normal aging than prefrontal regions . Along this line, age-related differences may be observed in other cerebral region, such as the posterior middle temporal gyrus, that undertakes the same cognitive process than IPC and might play a more critical role in a comprehensive semantic judgment task (Noonan et al., 2013) .
Indeed, the posterior regions found to be more activated in older adults in our study included the posterior middle temporal gyrus and the inferior parietal lobule. Both of these regions have been reported to play a key role in semantic control processes (Jefferies, 2013; Noonan, et al., 2013; Whitney, Kirk, O'Sullivan, Lambon Ralph, & Jefferies, 2012) . Other studies have also reported greater recruitment of temporoparietal regions during semantic processing in normal aging (Grossman, et al., 2002; Nielson, et al., 2006; Peelle, et al., 2010) . Grossman et al. (2002) concluded that greater activation in the right posterolateral temporoparietal regions for older adults during a sentence comprehension task may reflect a compensatory mechanism enabling older adults to maintain sentence comprehension at the same level as younger adults. This interpretation therefore seems to fit with the CRUNCH model, mentioned previously (Reuter-Lorenz & Cappell, 2008) . However, this over-recruitment was interpreted by Grossman et al.
(2002) as a material-specific role of working memory. In regards to the current study, greater activation in the right posterior temporal regions in older participants seems hardly explainable only in terms of working memory demands. We specifically chose a single-word semantic judgment task in order to reduce the working memory load and complex syntactic structure processing, and right temporoparietal regions were still found to be more activated in older adults. In addition, in a recent fMRI study, Peelle et al. (2013) shown that older adults who performed as well as younger adults on a semantic judgment task activated the bilateral temporoparietal region to a greater extent than the younger group, while low-performing older adults in the group showed reduced activation most notable in the left inferior parietal lobule, in contrast with the highperforming older adults. As reviewed by Jefferies (2013) , different subregions in the 21 temporoparietal region may play distinct roles in semantic processing. Specific semantic control processes may depend upon the posterior portion of the middle/superior temporal gyrus, while more general executive control mechanisms (not limited to semantic processing, and including working memory) may depend to a greater extent upon the adjacent inferior parietal lobe (Jefferies, 2013; Noonan, Jefferies, Corbett, & Lambon Ralph, 2010; Whitney, et al., 2012) . Moreover, increased activation found in the right inferior parietal lobule for older adults may be non-specific and may not be related only to semantic processing. For instance, some authors have postulated that this latter region is part of the so-called "default-mode" network (Fox, et al., 2005; Seghier, Fagan, & Price, 2010; Toro, Fox, & Paus, 2008) . Because older adults may be less efficient in "deactivating" the default-mode network during task completion, greater activation may be found for elders in some regions of this network (Grady, 2008; Grady, et al., 2010) . In addition, it has been proposed that the semantic control network highly overlaps the more general frontoparietal control network (Noonan et al., 2013) , implicated in cognitive control and decision-making process (Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis, 2004; Ridderinkhof, van den Wildenberg, Segalowitz, & Carter, 2004; Vincent, Kahn, Snyder, Raichle, & Buckner, 2008) . Thus, it is also possible that age-related changes in executive functioning might partly be associated with the changes in brain activation observed in the present study.
In summary, greater activation in posterior middle temporal cortex in older adults may reflect functional reorganization of semantic control processes. Changes in executive functioning may be the first way by which the brain adapts to aging (Reuter-Lorenz & Cappell, 2008) . Because of a less important role of the IPC in a comprehension task, the 22 semantic control network may be prone to a functional reorganization within anatomically-connected posterior regions of this network during aging. Older adults thus activate the posterior regions to a greater extent than younger adults despite equivalent behavioral performance on a semantic judgment task. One hypothesis for this functional reorganization would be that, like attentional processes, the IPC may be more implicated in controlled processes while the posterior regions may be more related to automatic processes (Lezak, Howieson, & Loring, 2004) . Considering that automatic processes are more resistant to normal aging (Grieder, et al., 2012; Wlotko, Lee, & Federmeier, 2010) than controlled processes, older adults might rely more on posterior regions to complete a semantic judgment task. Nonetheless, when task demands are too important, for instance when abstract words have to be processed, older adults can recruit the IPC to a greater extent, in order to maintain a high-level performance.
In addition, the group of older adults, who performed as well as the group of younger adults at the behavioural level, relied to a greater extent on right hemisphere structures than the group of young adults. This right-hemispheric over-recruitment has previously been typically associated with numerous cognitive processes that engage prefrontal regions, such as episodic and working memory (Cabeza, 2002) . However, some studies have also reported bilateral activation in posterior parietal regions in older adults during various cognitive tasks , such as episodic retrieval, working memory task, visual attention or numerical magnitude judgment task (Cabeza, et al., 2004; Huang, et al., 2012) . The current results are thus in line with these studies, and with those published by Ansado et al. (2013) who found more bilateral parietal activation in older adults compared with young adults during a semantic judgment task using fMRI.
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A more striking finding in the current study was that significantly greater activation was found in the ATL region in older relative to young adults when they carried out the semantic judgment task. To our knowledge, very few studies have found or interpreted differences between young and older healthy adults in this region during a semantic task (Berlingeri, et al., 2010; Peelle, et al., 2010) . Consistent with our own findings, Ansado et al. (2013) found a pattern of hyperactivation in the bilateral temporal pole for older adults during a semantic judgment task on visually-presented words using fMRI. They concluded that a neurofunctional reorganization occurred in temporal areas in older adults in order to help them better achieve a semantic task. An alternate interpretation may be that because of the functional role of the ATL in processing semantic information at an abstract and amodal level (Patterson, et al., 2007) , an overrecruitment of this region in elders may reflect more "expert use" of this region reflecting a better organization and efficient use of accumulated knowledge, or greater reliance on stored representations. Clearly, more studies are needed to better understand this unexpected pattern of results within the ATL.
Strengths and limitations
To our knowledge, our study is the first one to use this type of semantic judgment task using MEG in older adults (>65 years), which is important considering that significant changes in MEG signal have been reported to occur after the age of 60 (Gomez, Perez-Macias, Poza, Fernandez, & Hornero, 2013) . Second, the use of a semantic judgment task on single-word reduces the contribution of other high-order cognitive processes, such as complex syntactic comprehension and working memory. The results obtained can be more directly related to a specific process, the semantic one in the 24 present case. The use of the MEG also allows the possibility to focus specifically on a precise cognitive process, by focusing on a specific temporal window, and offers a direct measure of the cortical activity. Finally, from a clinical perspective, knowing which types of changes occur in normal aging may help to better distinguish these changes from those that occur in pathological aging. Indeed, while semantic knowledge are well preserved in normal curse of aging, it is affected very early in age-related pathological conditions such as Mild cognitive impairment, Alzheimer's disease and semantic dementia (Brambati, Peters, Belleville, & Joubert, 2012; Gainotti, Quaranta, Vita, & Marra, 2014; Joubert, et al., 2010; Joubert, et al., 2008; Seidenberg, et al., 2009 ).
Despite these strengths, there are limitations to the present study which need to be acknowledged. We used a single-word processing task to investigate the neural substrates of semantic processing. This task offers many advantages, as mentioned previously, but also some possible drawbacks. First, in everyday life, language comprehension rarely relies solely on single-words. Many words are used to express a concept, and the context provided by sentences and discourse modulates ongoing semantic processing in complex and dynamic ways. Nevertheless, single-word comprehension surely contributes to comprehension in everyday conversation and in sentence comprehension. Some confounders may have also contributed to the current results. For instance, a general cognitive slowing accompanies normal aging (Salthouse, 1996) , and may account for the slowed reaction times observed in the behavioral task for older adults. Moreover, these latter might be more prone to fatigue. However, no difference was found in the performance across the different experimental blocks between subjects. Second, the semantic network relies on numerous brain regions, and the involvement of specific areas depends on the type of material processed. For instance, visual material, such as picture and faces, and verbal material, such as words or sounds, recruit different brain regions.
Similarly, the semantic network is globally left-lateralized for visually-presented verbal material whereas auditory stimuli often recruit bilateral structures (Marinkovic, 2004 ).
While we can assume that regions implicated in semantic control system may be amodal, specific subregions within this network may be recruited differently, depending on the type of conceptual knowledge required to be processed, on the nature of the input or on the nature of the task demands (Brambati, Benoit, Monetta, Belleville, & Joubert, 2010) .
In the same line, we can't exclude the possibility that some age-related differences of activation might be related to other cognitive processes, such as attentional processes.
Third, while the temporal resolution of the MEG is excellent, the spatial resolution provided by this technique is not as precise as the one offered by the fMRI. Finally, the relatively small sample size in the current study should be considered and similar studies with larger groups should be carried out.
Conclusions
In summary, this study was the first to our knowledge to compare patterns of cortical activation between young and older healthy adults during semantic judgment of single-word using MEG. Age-related changes were observed primarily in regions underlying semantic control processes. Despite identical behavioural performance on the semantic task, older adults activated the bilateral temporoparietal region to a greater extent than young adults, whereas young adults activated the left IPC to a greater extent than older adults. This functional reorganization in normal aging may reflect compensatory mechanisms allowing to maintain a high-level of performance during A visual inspection on the curves allowed the selection of time windows that corresponds to the semantic cognitive process, around the N400.
42 Interactive effect age*concreteness in the left inferior prefrontal cortex. An interactive effect age*concreteness was found in the left IPC (BA47). A small locus was found to be more activated in older adults for abstract words than for concrete words, whereas the younger adults had similar activations in this region for both categories of words.
